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Abstract

Corticotropin-releasing hormone (CRH), the principal regula-
tor of the hypothalamic-pituitary-adrenal axis, is also secreted
in peripheral inflammatory sites, where it acts as a local proin-
flammatory agent. Arthritis-susceptible LEW/N rats have pro-
foundly deficient hypothalamic CRHresponses to inflamma-
tory stimuli and other stressors. Arthritis-resistant F344/N
rats, on the other hand, have a robust increase in hypothalamic
CRHin response to the same stimuli. Contrasting with these
hypothalamic CRHresponses, we now show that CRHexpres-
sion is markedly increased in the joints and surrounding tissues
of LEW/N rats with streptococcal cell wall- and adjuvant-in-
duced arthritis, whereas it is not increased in similarly treated
F344/N rats and is only transiently increased in congenitally
athymic nude LEW.rnu/rnu rats. Glucocorticoid treatment
suppressed, but did not eliminate, CRHimmunoreactivity in
the joints of LEW/N rats. CRHmRNAwas present in inflamed
synovia, as well as in spinal cord, and inflamed synovia also
expressed specific CRH-binding sites. Wecompared CRHex-
pression in inflamed joints with another well-characterized
proinflammatory neuropeptide, substance P (SP), and found
that SP immunoreactivity paralleled that of CRH. In summary,
although LEW/N rats have deficient hypothalamic CRHre-
sponses to inflammatory stimuli compared with F344/N rats,
they express relatively high levels of CRHat the site of inflam-
mation. Analogous to SP, CRHmay be delivered to the inflam-
matory site by peripheral nerves and/or synthesized at the in-
flammatory site. These data provide further support for the
concept that CRHnot only triggers the pituitary-adrenal an-
tiinflammatory cascade, but also functions as an antithetically
active local mediator of acute and chronic inflammatory arthri-
tis. These data also illustrate the complex interrelationships of
the nervous, endocrine, immune, and inflammatory systems. (J.
Clin. Invest. 1992. 90:2555-2564.) Key words: neuropeptide .
streptococcal cell wall arthritis * adjuvant arthritis * hypotha-
lamic-pituitary-adrenal axis * substance P - glucocorticoids

Introduction

The nervous, endocrine, immune, and inflammatory systems
are intimately intertwined through overlapping regulatory me-
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diator production and receptor expression. The hypothalamic-
pituitary-adrenal (HPA)' axis exerts significant antiinflam-
matory effects, predominantly through glucocorticoid suppres-
sion of inflammatory cell recruitment, production and action
of proinflammatory cytokines, and other mediators of inflam-
mation. Corticotropin-releasing hormone (CRH), a 41 -amino
acid hypothalamic neuropeptide, is the major stimulus to pitu-
itary production ofACTH, which in turn stimulates the produc-
tion of glucocorticoids by the adrenal cortex. Our group re-
cently investigated HPAaxis responses to multiple inflamma-
tory and noninflammatory stimuli in arthritis-susceptible
Lewis (LEW/N) and relatively arthritis-resistant Fischer
(F344/N) rat strains. LEW/N rats have a deficient hypotha-
lamic CRH response to virtually all these stimuli, whereas
F344/N rats display robust increases in hypothalamic CRH,
with resultant differences in levels of plasma ACTHand corti-
costerone ( 1-5 ). Our group postulated that these differences in
HPAaxis responses play a role in the differing susceptibility of
LEW/Nand F344/N rats to experimentally induced inflamma-
tory arthritis and other experimental autoimmune diseases
(6-11).

Neuropeptides derived from peripheral nerves also play im-
portant roles in the expression of inflammatory reactions ( 12).
For example, substance P (SP), which is primarily derived
from sensory afferent unmyelinated c fibers, significantly aug-
ments the local inflammatory response ( 13-16). Many other
neuropeptides are present in sensory afferent unmyelinated c
and small myelinated A-6 fibers, but their contribution to in-
flammation remains less well defined. Capsaicin (8-methyl-N-
vanillyl-6-nonenamide) causes selective depletion of neuropep-
tides or destruction of primary sensory neurons and has been
shown to markedly decrease inflammation ( 17, 18). Immuno-
reactive CRHis present in the spinal cord and is also depleted
by capsaicin treatment ( 19). Levine and colleagues ( 18, 20,
21 ) have demonstrated that both sensory afferent and sympa-
thetic efferent nerve fibers contribute to the severity of inflam-
matory arthritis. Because CRHis localized to the dorsal sen-
sory and sympathetic interomediolateral columns of the spinal
cord ( 19, 22), as well as to the dorsal root and sympathetic
ganglia (23, 24), it is reasonable to speculate that neuron-de-
rived CRH, along with SP and other neuropeptides, contrib-
utes to the inflammatory process.

A growing body of data now support direct involvement of
CRHin inflammation. CRHreceptors are present on resident
macrophages of mouse spleen (25) and human peripheral

1. Abbreviations used in this paper: CRH, corticotropin-releasing hor-
mone; HPA, hypothalamic-pituitary-adrenal; iCRH, immunoreactive
CRH; 125I-oCRH, 125I-Tyr-ovine CRH; PCR, polymerase chain reac-
tion; PPT, preprotachychinin; SCW, streptococcal cell wall; SP, sub-
stance P.
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blood lymphocytes and monocytes (26). Also, immunoreac-
tive CRH(iCRH) and CRHmRNAare expressed in human
peripheral blood leukocytes (27). CRHhas direct in vitro ef-
fects on cells of the immune system, including stimulation of
lymphocyte proliferation and expression of the interleukin-2
receptor (28, 29), stimulation of leukocyte secretion of inter-
leukin-1 and interleukin-2 (30, 31), and induction of leuko-
cyte-derived ACTHand f3-endorphin (32). Lastly, our groups
recently provided evidence that CRHis active locally in an in
vivo rat model of acute inflammation. Carrageenin, a seaweed-
derived polysaccharide, produces a chemical inflammatory re-
sponse when subcutaneously injected in rats. Immunoneutral-
ization of CRHreduces both the volume and cellularity of the
exudate in male Harlan-Sprague-Dawley rats, indicating that
CRH has a predominantly proinflammatory effect. In this
model, the antiinflammatory effect of anti-CRH antibody is
equivalent to the antiinflammatory effect of anti-tumor necro-
sis factor-a antibody (33).

In the current study, we evaluate the hypothesis that CRH
is locally expressed in inflammatory arthritis in the rat. We
studied CRHexpression in the joints of LEW/N, F344/N, and
congenitally athymic nude LEW.rnu/rnu inbred rat strains
after injection of streptococcal cell walls (SCW) or mycobacte-
rial adjuvant. Because LEW/N rats have deficient hypotha-
lamic CRHproduction, we were particularly interested in their
ability to increase their peripheral iCRH in response to inflam-
mation. Inflamed synovia were examined for the presence of
CRHreceptor-binding activity to assure the potential for local
biological activity. Additionally, we examined synovial tissues,
spleens, and spinal cords for CRHmRNAto identify the
source of peripherally localized iCRH. To determine whether
CRHwas expressed similarly to other neuropeptides in the
inflamed joint, we compared CRHexpression with SP, a well-
characterized proinflammatory neuropeptide, by immunohis-
tochemistry and mRNAanalysis. Because glucocorticoids
downregulate hypothalamic CRHexpression, we evaluated the
effect of glucocorticoids on local expression of iCRH.

Methods

Animals. 6-wk-old specific pathogen- and virus antibody-free LEWN
and F344/N female rats were obtained from Harlan Sprague Dawley,
Inc. (Indianapolis, IN) and used for induction of SCW-and adjuvant-
induced arthritis. Congenitally athymic nude LEW.rnu/rnu female
rats were obtained from the Genetic Resource Section of the Veteri-
nary Resources Program, National Center for Research Resources (Be-
thesda, MD). The animals were housed in microisolator cages and
handled in laminar flow hoods. Animals were allowed free access to
food and water during all experiments.

Induction of experimental polyarthritis. SCWpeptidoglycan-poly-
saccharide fragments were prepared as previously described (34). A
sterile aqueous suspension of sonicated SCWin PBS, pH 7.4, was ad-
ministered by intraperitoneal injection at a dose equivalent to 20 ,ug of
rhamnose/g body weight. This dose has been previously determined to
result, with 100% incidence, in acute and chronic polyarthritis in 6-wk-
old female LEW/N rats and acute, but not chronic, polyarthritis in
athymic LEW.rnu/rnu rats. 6-wk-old female F344/N rats were also
injected. Rats were killed at day 0 (uninjected) or at days 3 or 28 after
injection.

Adjuvant arthritis was induced in arthritis-susceptible LEW/N rats
by intradermal injection of 200 ,l of pulverized Mycobacterium butyri-
cum (Difco Laboratories, Detroit, MI) at a concentration of 10 mg/ml
in heavy paraffin oil at eight separate sites, four on each side, in the

periscapular region with a 25-gauge needle, while the animals were
under light anesthesia by CO2 narcosis. Athymic LEW.rnu/rnu and
relatively arthritis-resistant F344/N rats that usually do not develop
clinically apparent arthritis were also injected as described. Animals
were killed at day 0 (uninjected) or at days 4, 10, or 18 after injection.
Hindfoot specimens were collected in 10%Formalin when the animals
were killed, and then were decalcified in EDTA, embedded in paraffin,
and sectioned at a thickness of 6 Mmonto gelatin-coated microscope
slides.

Dexamethasone treatment of SCW-injected LEW/N rats. A group
of LEW/N rats injected with SCWwas treated with glucocorticoids
beginning on the day of injection (day 0). These animals received twice
daily intraperitoneal injections of 1 ml PBS alone or PBS plus dexa-
methasone 0.005 or 0.05 gg/g body weight. Animals were killed at day
3 after SCWinjection. Hindfoot specimens were processed as above.

Immunohistochemistry. Rabbit polyclonal anti-CRH IgG was af-
finity purified by adsorption to and elution from a CRH-Sepharose 4B
conjugate column containing 1 mgof human/rat CRH1-41 (Bachem
California, Torrance, CA)/200 Ml of Sepharose (Sigma Chemical Co.,
St. Louis, MO). The sequences of human and rat CRH1-41 are identi-
cal. The anti-CRH antiserum has cross-reactivity of < 0.001% for
growth hormone-releasing hormone, antidiuretic hormone, ACTH,
luteinizing hormone, follicle-stimulating hormone, thyroid-stimulat-
ing hormone, prolactin, f3-endorphin, and growth hormone (35). Rab-
bit polyclonal anti-SP antibody was affinity purified as above by ad-
sorption to and elution from an SP-Sepharose 4B conjugate column
containing 1 mgof synthetic SP (Sigma Chemical Co.). Tissue immu-
nostaining was done with the Vectastain ABCkit (Vector Laboratories,
Inc., Burlingame, CA) following the manufacturer's suggested proto-
col. For CRHand SP immunostaining, tissue sections were incubated
in 0.3% peroxide in methanol for 20 min, with diluted goat serum
( 1:66.7) for 20 min, and then in a humid chamber with either affinity-
purified anti-CRH IgG, the anti-CRH IgG solution depleted of anti-
CRH antibody by adsorption on the CRH-Sepharose conjugate
column (affinity negative), affinity-purified anti-SP antibody, affinity-
negative anti-SP antibody, or normal rabbit IgG (Jackson ImmunoRe-
search Laboratories, Inc., West Grove, PA) for 30 min at a concentra-
tion of 30 Mg/ml. The sections were then washed in PBSand incubated
with biotinylated goat antisera to rabbit IgG for 30 min. The sections
were further washed in PBSand incubated with an avidin-DH/biotiny-
lated horseradish peroxidase Hcomplex (Vector Laboratories, Inc.) for
45 min. Finally, the sections were washed and color was developed by
immersion of the sections in a solution of 3,3'-diaminobenzidine tetra-
hydrochloride (0.05% wt/vol), nickel chloride (0.04% wt/vol), and
hydrogen peroxide (0.0 1%) in 50 mMTris HC1, pH 7.4, for 2-5 min.
The sections were counterstained with light-green SF (0.5%).

For each tissue specimen, the extent and intensity of staining with
CRH, SP, or control antibodies were graded on a scale of 0 to 4+ by a
blinded observer on two separate occasions using coded slides. The
observer assessed all tissues on each slide with particular attention to
the histologic structures stained. A grade of 4+ implies that staining of a
tissue was maximally intense throughout the specimen, whereas 0 im-
plies that staining was absent throughout the specimen. This methodol-
ogy has been used extensively in earlier studies (36-38).

RNApreparation and analysis. Ankle synovia, spinal cords, and
spleens were dissected from arthritic LEW/N rats on day 18 after adju-
vant injection. Spinal cords and spleens were obtained from uninjected
LEW/N rats, but we were unable to collect sufficient ankle synovia for
RNApreparation from nonarthritic rats. Tissues for RNAextraction
were minced, placed immediately into guanidine isothiocyanate buffer
(4 Mguanidine isothiocyanate, 25 mMsodium citrate, 0.05% sodium
lauryl sarcosine, and 0.1 M#-mercaptoethanol, pH 7.0) on ice, homog-
enized, and then pelleted by centrifugation through a cesium chloride
gradient (39).

For polymerase chain reaction (PCR) analysis of RNA, cDNAwas

prepared by reverse transcription of 5 ,ug of each RNAsample in a 50-Ml
reaction volume containing 50 mMTris-HCl (pH 8.3), 40 mMKCl, 6
mMMgCl2, 20 mMdithiothreitol, 0.4 mMeach of dATP, dCTP,

2556 Crofford, Sano, Karalis, Webster, Goldmuntz, Chrousos, and Wilder



dGTP, and dGTP(Pharmacia Inc., Piscataway, NJ), 2.4 ng//dl random
hexamers (Perkin-Elmer Cetus Instruments, Norwalk, CT), 0.5 U/4I
RNAse inhibitor (Perkin-Elmer Cetus Instruments), and 400 U M-
MLVreverse transcriptase (Bethesda Research Laboratories, Gaithers-
burg, MD). The reaction mix was incubated at 370C for 30 min, di-
luted to 500 ,ul, and heated to 950C for 10 min. All PCRreactions were
performed in a 50-,il reaction volume containing 5 Ml of the cDNAmix
in 50 mMKC1, 10 mMTris-HCl (pH 8.3), 2 mMMgCl2, 50MMeach
of dATP, dCTP, dGTP, and dTTP, 1 ng/,l each of sense and antisense
primers, and 5 U of Taq polymerase (Perkin-Elmer Cetus Instru-
ments). Some reactions contained 5 Mul of a-[32P]dCTP 3,000 Ci/
mmol (New England Nuclear-Dupont, Boston, MA). The primers
used were, for rat CRH, sense 5'-CTC AGAGCCCAAGTACGT
TGA-3' and antisense 5'-TGC TCCGGTTGCAAGAAATTC-3'; for
rat SP (preprotachykinin), sense 5'-AGA GGAAATCGGTGCCAA
CG-3' and antisense 5'-TTC GTAGTTCTGCATTGCGC-3'; and
for rat f-actin, sense 5'-ACC ACAGCTGAGAGGGAAATCG-3'
and antisense 5'-AGA GGTCTT TACGGATGTCAACG-3'. All
primer pairs amplified a fragment that crossed an intron, thereby distin-
guishing between cDNAand contaminating genomic DNAby the size
of the expected fragment after amplification. The primers for SP (pre-
protachykinin) were designed to distinguish between the a, fl, and ry
forms of preprotachykinin mRNA, all of which can give rise to SP by
posttranslational processing (40). The conditions for amplification
were 95°C for 1 min, 60°C for 1 min, and 72°C for 1 min, continuing
for 40 cycles when amplifying CRHor SPand 25 cycles when amplify-
ing fl-actin. Cycle curve studies between 20 and 40 cycles confirmed
that, for the amounts of cDNAbeing amplified, the reactions had not
reached the plateau of the amplification curve. Negative controls per-
formed with no RNAadded to the reverse transcription reaction or no
reverse transcriptase yielded no detectable fragments with any primer
pairs. The amplification reactions were analyzed either directly on a 5%
polyacrylamide gel ( 19:1 acrylamide/bisacrylamide) if they contained
a-[32P]dCTP or were run on 1.5% agarose gels for Southern transfer.

For Southern blots, PCRreactions were transferred onto a nylon
membrane (Nytran; Schleicher & Schuell, Inc., Keene, NH). An anti-
sense cRNAprobe was prepared, using an RNAtranscription kit (Stra-
tagene, Inc., La Jolla, CA), from plasmid pBSrCRH1300 (a generous
gift of Dr. Joseph A. Majzoub, Boston, MA) that contains a 700-nu-
cleotide fragment encompassing the coding region of rat hypothalamic
CRHmRNA(41 ). The membrane was hybridized in 50% formamide
at 42°C for 24 h with 1.5 X 107 cpm of the cRNA probe, and then
washed twice for 20 min at 55°C in 0.1% sodium dodecyl sulfate, 15
mMNaCl, and 1.5 Msodium citrate. The membrane was exposed to
Kodak XARfilm for 1 to 12 h at room temperature.

CRH-binding assay. The affinity and concentration of CRH-bind-
ing sites were determined from competitive displacement binding ex-

periments in which rat synovial tissue homogenates and '251I-Tyr-ovine
CRH(1251I-oCRH) (New England Nuclear, Boston, MA) were incu-
bated with increasing concentrations of rat/human CRH(Peninsula
Laboratories, Inc., Belmont, CA). Synovial tissues were dissected from
the ankle joints of LEW/N rats on day 18 after adjuvant injection,
frozen on dry ice, and stored at -80° until assayed. At the time of assay
the frozen synovial tissues were weighed and then homogenized using a
polytron (Brinkman Instruments, Inc., Westbury, NY) at a setting of 5
for 30 s in 20 vol of ice-cold homogenization buffer (50 mMTris-HCl,
10 mMMgCl2, and 2 mMEGTA, pH 7.2) and centrifuged at 38,000 g
for 10 min. The pellets were suspended to a final concentration of 40
mgtissue wet weight/ml in homogenization buffer. 100 Ml of the mem-
brane preparation was added to a 1.5-ml polypropylene microtube
containing 100 ,l of a rat/human CRHsolution (12 concentrations
ranging from 0 to 1 MM)and 100 Ml of '25I-oCRH (0.2 nMfinal concen-
tration) in incubation buffer (50 mMTris-HCl, 10 mMMgCl2, 2 mM
EGTA, 0.15% bovine serum albumin, 100 kallikrein inhibitor U/ml
aprotinin, 0.15 mMbacitracin, pH 7.2). The reaction was allowed to
proceed for 2 h at room temperature. The tissue was separated from the
incubation medium by centrifugation in a microfuge for 8 min at
12,000 g. The supernatant was aspirated, the pellets washed gently with
1 ml of PBS containing 0.0 1%Triton X-100, and the radioactivity of
the pellet was measured in a y counter. It has been previously deter-
mined that protease and enzyme inhibitors used to prevent CRHre-
ceptor degradation do not themselves bind CRH(42). The final pro-
tein concentration was determined using the BCAprotein assay (Pierce
Chemical Co., Rockford, IL). The 125I-oCRH-binding data were ana-
lyzed by the Macintosh-based nonlinear least-squares curve-fitting
computer program LIGAND (43).

Results

CRHimmunostaining in SCW-injected rats. Euthymic LEW/
N and congenitally athymic LEW.rnu/rnu, but not relatively
arthritis-resistant F344/N, rats develop erythema and swelling
of peripheral joints within 24 h after injection of SCW(6, 34,
44). The acute phase of SCW-induced polyarthritis increases
to a maximum at 3 d, and then gradually subsides. Euthymic
LEW/N, but not athymic LEW.mu/rnu or F344/N, rats go on
to develop T cell-dependent chronic polyarthritis that reaches
maximum severity by 28 d after SCWinjection. Histologically,
the acute polyarthritis is characterized by edema, deposition of
fibrin in the synovia and joint space, and infiltration by granu-
locytes and macrophages. In the chronic phase of SCW-in-
duced arthritis, there is marked synovial connective tissue cell

Table I. CRHExpression in SCW-injected Rats

Day 0 Day 3 Day 28

LEW/N LEW.mu/mu F344/N LEW/N LEW.rnu/rnu F344/N LEW/N LEW.rnu/rnu F344/N

Epidermis 0-0.5+ 1+ 0-0.5+ 3-4+ 3-4+ 0-0.5+ 4+ 1+ 0.5+
Synovium

Lining cell layer 0 0 0 3-4+ 3+ 0 3-4+ 0-1+ 0
Vascular endothelium 0 0 0 3-4+ 3+ 0 3-4+ 0-0.5+ 0
Mononuclear inflammatory cells NP* NP NP 3-4+ 3-4+ 0.5-1+ 3-4+ NP NP
Stromal fibroblast-like cells 0 0 0 3-4+ 3-4+ 0+ 3-4+ 0-0.5+ 0

Cartilage chondrocytes 0-0.5+ 0-0.5+ 0-0.5+ 2-3+ 2-3+ 0-1+ 3-4+ 0-0.5+ 0-0.5+
Subchondral bone 0.5+ 0-0.5+ 0-0.5+ 2-3+ 2+ 0-1+ 3-4+ 0-0.5+ 0-0.5+
Bone marrow 1+ 1+ 1+ 3-4+ 3-4+ 1+ 3-4+ 1+ 1+

Graded 0-4+ on coded slides by a blinded observer. 0, no staining, 4+, maximal intensity. * NP, not present.
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proliferation with villus formation, angiogenesis, infiltration of
the synovial tissue by lymphocytes and macrophages, and ero-
sion of marginal cartilage and bone (34, 44). There is also
increased expression of biochemical markers, such as class II
major histocompatibility antigens, transin/stromelysin, hepa-
rin-binding growth factor- 1, and cyclooxygenase, which paral-
lels histologic inflammation (36-38, 44).

(/) Except for low grade staining in the bone marrow, hindfoot
specimens from uninjected rats showed little CRHimmunore-
activity in any rat strain (Table I and Fig. 1, A, D, and G).
However, by day 3 after SCWinjection, CRHimmunostaining
increased markedly in euthymic LEW/N and athymic
LEW.rnu/rnu rats, but not F344/N rats (Table I). iCRH was
present in many different sites, including the epidermis, syno-

u-I vium (lining cell layer, vascular endothelium, mononuclear
Cl') inflammatory cells, and stromal fibroblast-like cells), cartilage

chondrocytes, subchondral bone, and bone marrow. At day 28
- after injection of SCW, euthymic LEW/N rats expressed high

levels of iCRH (Table I and Fig. 1, B, E, and H) in joints and
surrounding tissues, whereas athymic LEW.rnu/rnu and F344/
N rats were not different from control animals. Immunostain-
ing with nonspecific rabbit IgG (data not shown) or anti-CRH
antibody depleted by adsorption on CRH-Sepharose (Fig. 1,
C, F, and I) was uniformly negative.

Effects of dexamethasone on CRHimmunostaining in
acute SCW-induced arthritis. We treated LEW/N rats with
twice daily injections of dexamethasone or PBS beginning on
the day of SCWinjection to assess the effect of glucocorticoids
on iCRH expression in acute SCW-induced arthritis. Weob-
served a dose-dependent decrease in the extent and intensity of
CRHimmunoreactivity after dexamethasone treatment (Ta-
ble II). 10 ,g/d of dexamethasone abolished infiltration of syn-
ovium with monuclear inflammatory cells, yet intermediate-
grade CRHimmunoreactivity clearly remained in the epider-
mis, the synovial lining cell layer, the vascular endothelium,
the stromal fibroblast-like cells, subchondral bone, and bone
marrow.

CRHimmunostaining in adjuvant-injected rats. Chronic
destructive polyarthritis develops in susceptible rat strains after
intradermal injection of a suspension of heat-killed mycobac-
teria in oil. Clinical arthritis appears on days 10-12 after adju-
vant injection and is dependent on the activation and recruit-
ment of T lymphocytes. Euthymic LEW/N rats are adjuvant
arthritis susceptible, whereas athymic LEW.mu/rnu do not de-
velop clinically apparent disease. F344/N rats are usually rela-
tively adjuvant arthritis resistant and develop minimal clini-
cally apparent arthritis. Histologically, LEW/N rats develop
perivascular mononuclear cell infiltration and edema that pro-
gresses to more intense cellular infiltration, fibrin deposition,
proliferation ofsynovial fibroblasts, pannus formation, and ero-
sion of articular cartilage and periarticular bone (36, 38, 45).

Hindfoot specimens from LEW/N, LEW.rnu/rnu, and
F344/N rats on day 0 (uninjected), and on days 4, 10, and 18
after adjuvant injection were evaluated for CRHimmunoreac-_g --;tivity (Table III). LEW/N rats showed upregulated iCRH ex-
pression beginning on day 4 in the epidermis, synovial lining
cell layer, vascular endothelium, stromal fibroblast-like cells,
cartilage chondrocytes, subchondral bone, and bone marrow,
which occurred before the influx of mononuclear inflamma-

(D tory cells. CRHimmunostaining was further enhanced on days
10 and 18 after adjuvant injection, which paralleled the influx
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Table II. Effect of Dexamethasone on CRHExpression in Acute
SCWArthritis

Dose

Dexamethasone treatment 0 1 10

pg

Epidermis 3-4+ 3+ 2-3+
Synovium

Lining cell layer 3-4+ 2-3+ 2+
Vascular endothelium 3+ 2-3+ 1-2+
Mononuclear inflammatory cells 3-4+ 2-3+ NP*
Stromal fibroblast-like cells 3+ 2-3+ 1-2+

Cartilage chondrocytes 2-3+ 1-2+ 0.5+
Subchondral bone 2-3+ 2+ 2+
Bone marrow 3-4+ 3-4+ 2+

Day 3 after injection of SCW. Graded 0-4+ on coded slides by a
blinded observer. 0, no staining; 4+, maximal intensity. * NP, not
present.

of mononuclear inflammatory cells into the joints and
surrounding tissues. Athymic LEW.rnu/rnu rats also showed
increased CRHimmunoreactivity at day 4 that was not sus-
tained by day 10 after adjuvant injection. Relatively adjuvant
arthritis-resistant F344/N rats did not increase CRHimmuno-
staining after injection with adjuvant.

Expression of CRHmRNAin adjuvant-injected rats. CRH
mRNAis known to be expressed in many regions of the brain,
including hypothalamus, cerebral cortex, striatum, hippocam-
pus, midbrain, and brainstem. CRHmRNAhas also been de-
tected in spinal cord, pituitary, adrenal, and testis (46). We
used PCRto evaluate CRHmRNAexpression during adju-
vant-induced arthritis (Fig. 2 A). Amplification of cDNAwith
the primers used in this study predicted a fragment of 311

Tissue:
Day:

A CRH

SpC Spi Syn*
0 18 0 18 18

311 bp -- .I .-4

S
: 321 bp - _ -

B SP/PPT Y: 276 bp
z.267bp

cx: 267 bp

_ _

4U.

C Actin 281 bp -- u'ptnmi_. l_

1 2 3 4 5

Figure 2. PCRevaluation of CRHand SP/preprotachykinin (PPT)
mRNAexpression in adjuvant-injected LEW/N rats. Total RNA
was purified from spinal cord (SpC), spleen (Spl), or synovium (Syn)
of LEW/N rats either uninjected (day 0) or 18 d after injection of
mycobacterial adjuvant (day 18). PCRof reverse-transcribed cDNA
was performed using primers specific for CRHfor (A) 40 cycles, (B)
SP/PPT for 40 cycles, or (C) ,B-Actin for 25 cycles. The arrows indi-
cate specific fiagments and their sizes in base pairs (bp). The PCR
primers for SP/PPT were designed to detect the a, ,B, and -y forms of
the PPTmRNA.Negative controls performed with no RNAadded
to the reverse transcription reaction or no reverse transcriptase yielded
no detectable fragments with any primer pairs. *RNA from synovia
of nonarthritic rats was not analyzed because sufficient tissue could
not be obtained.

nucleotides in length. Southern blot analysis showed that this
PCR-generated fragment hybridized specifically to the CRH
probe, thereby confirming the specificity of the 31 1-nucleotide
fragment (data not shown). Fragments of the predicted size
were easily detected after amplification of reverse-transcribed
RNAfor 40 temperature cycles from the spinal cords, but not
the spleens, of control animals. Onday 18 after adjuvant injec-

Table III. CRHExpression in Adjuvant-injected Rats

DayO Day4 Day 10 Day 18

LEW/N LEW.mu/mu F344/N LEW/N LEW.mu/mu F344/N LEW/N LEW.mu/mu F344/N LEW/N LEW.mu/rnu F344/N

Epidermis 0-0.5+ 1+ 0-0.5+ 2+ 2+ 0.5+ 2-3+ 0.5-1+ 0-1+ 2-3+ 0-0.5+ 0-0.5+
Synovium

Lining cell layer 0 0 0 1+ 2+ 0-0.5+ 2+ 0.5-1+ 0-0.5+ 2-3+ 0 0-0.5+
Vascular

endothelium 0 0 0 1-2+ 2+ 0 2+ 0-1+ 0-0.5+ 2-3+ 0 0
Mononuclear

inflammatory
cells NP* NP NP NP NP NP 2+ NP NP 3+ NP NP

Stromal
fibroblast-like
cells 0 0 0 1-2+ 1-2+ 0-0.5+ 2-3+ 0-1+ 0-0.5+ 3-4+ 0-0.5+ 0-0.5+

Cartilage
chondrocytes 0-0.5+ 0-0.5+ 0-0.5+ 1-2+ 2+ 0-0.5+ 2-3+ 0-1+ 0-0.5+ 2+ 0-0.5+ 0-0.5+

Subchondral
bone 0.5+ 0-0.5+ 0-0.5+ 1+ 1-2+ 0-0.5+ 1-2+ 0-1+ 0-0.5+ 2+ 0 0-0.5+

Bone Marrow 1+ 1+ 1+ 1-2+ 2+ 0-0.5+ 1-2+ 0-1+ 0-0.5+ 2+ 0-0.5+ 0-0.5+

Graded 0-4+ on coded slides by a blinded observer. 0, no staining, 4+, maximal intensity. * NP, not present.
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Figure 3. Scatchard plot of competitive displacement binding of '25I-
oCRH in synovial tissue of adjuvant-arthritic rats. Synovial homoge-
nate preparations were incubated in the presence of '25I-oCRH and
increasing concentrations of rat/human CRHas described in Meth-
ods. Simultaneous Scatchard analysis of binding curves (n = 3) using
the computer program LIGAND revealed high and low affinity bind-
ing sites. The apparent Kd values were 3.4 and 933 nM corresponding
to BM, values of 2.7 X 10" and 4.1 X 108 M, respectively. The
amount of tissue added to each tube represented 16.4±3.3 mg of
protein.

tion, which is the time of maximally severe arthritis, fragments
of the predicted size were detected in synovia and spleens, as
well as spinal cords.

CRHequilibrium binding characteristics of rat adjuvant ar-
thritic synovia. Equilibrium binding of 1251I-oCRH was mea-
sured in homogenates of rat synovial tissues collected on day
18 after adjuvant injection using assay conditions identical to
those described for membrane preparations from mouse
spleens (47). When increasing concentrations of the synovial

tissue homogenates were incubated with '25I-oCRH, specific
binding of radiolabeled oCRHwas linear with increasing tissue
concentration. Competitive displacement curves of '251-oCRH
binding in rat synovial homogenates incubated with increasing
concentrations of rat/human CRHdemonstrated that the spe-
cific binding was saturable. Saturation analysis of '25I-oCRH
binding in these displacement curves revealed a curvilinear
Scatchard plot, suggesting the presence of multiple binding
sites (Fig. 3). Simultaneous analysis of these Scatchard plot
data using the nonlinear curve-fitting program LIGAND sug-
gested that the data best fit a two-site rather than a single-site
model, although this difference did not reach statistical signifi-
cance (P = 0.076). The Kd for the one-site model was 432 nM
with a Bmaxof 319 pmol/mg protein. In the two-site model, the
Kd values of 3.4 and 933 nM corresponded to Bma values of
506 fmol/mg protein and 768 pmol/mg protein, respectively.

Immunostaining ofSP in SCW-and adjuvant-injected rats.
The extent and intensity of immunostaining for SP paralleled
the immunostaining for CRHin LEW/N rats, both in SCW-in-
jected (Fig. 4) and adjuvant-injected rats (data not shown).
The tissue localization of SP was also very similar to that of
iCRH.

Expression of SP (preprotachykinin) mRNAin adjuvant-
injected rats. SP is a member of the tachykinin family of neuro-
peptides that is generated by posttranslational processing of
preprotachykinin (PPT) mRNA. Three different alternatively
spliced mRNAsare generated from a single gene. a-PPT
mRNAis processed only to SP, whereas ,B-PPT mRNAcan be
processed to SP, neurokinin A, or neurokinin K; and -y-PPT
can be a precursor for SP, neurokinin A, or neuropeptide y
(40). Fragments of the expected sizes for the a, ,B, and -y forms
of PPT mRNAwere easily detectable in control spinal cord
and in day 18 adjuvant-injected spinal cord and were also de-

rBB
A

Figure 4. Immunostaining of SP in joint tissues of SCW-injected LEW/N rats. Sections (250X on original photographs) of representative hind-
foot specimens of (A) uninjected LEW/N rats or (B) LEW/N rats 28 d after injection of streptococcal cell walls stained with affinity-purified
polyclonal anti-SP antibody (30 ug/ml). Positive staining is indicated by black deposits. Control staining with anti-SP IgG previously adsorbed
with SP-Sepharose conjugate or normal rabbit IgG was uniformly negative. The labels indicate synovial lining cell layer (SL) and sublining sy-
novial tissues (S).
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tectable in synovium from adjuvant-arthritic rats (Fig. 2 B).
The relative abundance of the PPTmRNAforms in the spinal
cord was y > »> a, consistent with previous reports for rat
nervous tissues (40). Weshowed a similar pattern of mRNA
forms in synovial tissue. In spleen there were differences in the
relative abundance of the 13 and y forms in control and adju-
vant-arthritic rats, the significance of which is unknown, and
the a form was not detected (Fig. 2 B).

Discussion

Immunoreactive CRHexpression was markedly increased in
the joints and surrounding tissues of rats with acute and
chronic SCW-induced and adjuvant-induced arthritis. The ex-
tent and intensity of CRHimmunoreactivity generally paral-
leled the severity of the inflammatory response. There were
striking strain differences in the local expression of iCRH. Ar-
thritis-susceptible euthymic LEW/N rats exhibited high levels
of iCRH expression in both acute and chronic SCW-induced
and adjuvant-induced arthritis, whereas F344/N rats had no
such increases in response to either SCWor adjuvant. Congeni-
tally athymic LEW.rnu/rnu rats developed increased iCRH on
day 3 after SCWinjection that returned to baseline levels by
day 28, indicating that T cells are required for sustained high
level CRHexpression in the joints. In contrast to local iCRH,
we have previously shown that iCRH production in the hypo-
thalamus is blunted in LEW/N rats in response to numerous
stimuli, including SCW, whereas F344/N rats show marked
increases in hypothalamic iCRH production in response to the
same stimuli ( 1-5). To summarize, arthritis-susceptible LEW/
N rats have a deficient hypothalamic CRHresponse to inflam-
matory stimuli but express high levels of iCRH in inflamma-
tory sites, whereas F344/N rats exhibit the opposite CRHre-
sponses. Hypothalamic CRHinfluences glucocorticoid levels
and, thus, indirectly exerts antiinflammatory and immunosup-
pressive effects on that basis. However, the available data indi-
cate that peripheral CRHis proinflammatory (33). These ob-
servations support our conclusion that CRHexpression is dif-
ferentially regulated in the central nervous system and
periphery, is subject to genetically determined variation, and
exhibits functionally antithetical effects on the inflammatory
process.

Glucocorticoids are known to exert negative feedback on
hypothalamic CRH-containing neurons, resulting in downreg-
ulation of CRHmRNAand decreased secretion of CRH(41,
48). In this study, we investigated the effect of dexamethasone
on local iCRH production in acute SCW-induced arthritis in
LEW/N rats and found a dose-dependent decrease of iCRH.
However, the inhibition of mononuclear cell infiltration was
more pronounced than the inhibition of iCRH expression.
After dexamethasone treatment sufficient to eliminate inflam-
matory cell infiltration of the joints, clear-cut CRHimmuno-
staining remained in the skin, synovium, cartilage, and sub-
chondral bone marrow. The physiological implications of this
observation are not clear at the present time, but it is compati-
ble with a non-inflammatory cell source of peripheral iCRH.

There is evidence, however, that inflammatory cells may
synthesize CRH. CRHmRNAis detectable by Northern analy-
sis of relatively large amounts of poly(A)+ RNA(25 ,g) from
peripheral blood leukocytes of normal humans (27). Wealso
detected a CRH-specific fragment, by PCRamplification of

reverse-transcribed RNAfrom the synovia and spleens from
adjuvant arthritic LEW/N rats. The specific cells that synthe-
size CRHat the inflammatory site are not yet certain, but our
results combined with previous observations suggest that infil-
trating mononuclear cells may be one source of CRHsynthesis
within the inflammatory site. CRHmRNAwas also found in
the spinal cord of control and adjuvant-arthritic LEW/N rats.
These data, along with the incomplete inhibition of iCRH ex-
pression by dexamethasone and the presence of iCRH on day 4
after adjuvant injection before the influx of mononuclear in-
flammatory cells, are consistent with the hypothesis that, analo-
gous to SP, iCRH is also synthesized and released by the periph-
eral nervous system.

In the present study, we have identified specific CRH-bind-
ing sites in adjuvant-arthritic rat synovial tissues. '251-oCRH
binding was saturable and increased linearly with increasing
protein concentration. In agreement with previous findings in
mouse spleen (47), Scatchard analysis of competitive displace-
ment curves suggested the presence of high and low affinity
binding sites for CRHin rat synovial tissue. The high affinity
binding site (Kd = 3.4 nM) in rat synovial tissue corresponded
to the high affinity binding site for CRHpreviously identified
in mouse spleen (47) and brain (42). The low affinity binding
site (Kd = 933 nM), corresponding to a high Bm. value of 768
pmol/mg protein, represents a high capacity binding site,
which might function to retain relatively high concentrations
of CRHin inflamed joint tissues. Wepreviously demonstrated
that despite relatively high concentrations of iCRH present in
an inflammatory site, there was no increase in the concentra-
tion of plasma CRH(33). Further studies are necessary to
determine whether the high concentrations of CRHpresent in
inflamed tissue exert a regulatory role on CRH-binding affinity
or capacity in the specific cell type(s) expressing CRHrecep-
tors. These data provide further evidence that support our view
that CRHhas a local physiological role in inflammatory joint
diseases.

Other peripheral nervous system-derived neuropeptides
are thought to influence the inflammatory process (12). SP,
neurokinin A, somatostatin, vasoactive intestinal peptide,
cholecystokinin, and calcitonin gene-related peptide are pep-
tide products of capsaicin-sensitive sensory afferent fibers.
CRHis also depleted in the rat spinal cord in response to cap-
saicin ( 19). Much attention has been focused on SP, which can
evoke many signs of acute inflammation and inflammatory
arthritis, including vasodilation, increased vascular permeabil-
ity, T lymphocyte proliferation, mast cell degranulation, mac-
rophage activation, granulocyte activation and chemotaxis, fi-
broblast proliferation, and synoviocyte secretion of prostaglan-
din E2 and collagenase ( 14, 18, 49-54). SP-containing nerve
terminals have been demonstrated in normal rat synovium but
are not detectable in the superficial lining and sublining zones
of synovium from adjuvant-arthritic rats (55). This finding
could be explained by depletion of peptidergic nerve terminals
of their neuropeptide content. Alternatively, hyperplastic syn-
ovium of arthritic joints could outgrow its nerve supply (55).
Direct injection of SP significantly augments radiographically
assessed joint destruction in adjuvant-induced arthritis ( 18,
56), and inflammation in the rat knee joint induced by carra-
geenin can be inhibited by SP antagonists ( 16). Weobserved
immunoreactive SP in the synovia and surrounding tissues of
LEW/N rats with arthritis in a distribution that paralleled to
iCRH. SP (preprotachykinin) mRNAwas easily detectable in
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spinal cords, but also in synovial tissues from adjuvant arthritic
rats, suggesting that SP is also synthesized locally.

In addition to the peripheral sensory afferent system, the
sympathetic efferent system also contributes to the inflamma-
tory process in adjuvant-induced arthritis (57). Corderre and
colleagues (58) showed that chemical sympathectomy with 6-
hydroxydopamine markedly reduces the radiologically as-
sessed joint destruction of adjuvant-induced arthritis. There-
fore, sympathetic system-derived or -dependent proinflam-
matory substances may play a role in tissue destruction.
Immunoreactive CRHis present in the interomediolateral sym-
pathetic column, particularly in the thoracic and lumbar seg-
ments of the spinal cord (22), as well as in the ganglia of the
sympathetic chain (23, 24), and our work suggests that locally
secreted CRHmay play a role in the pathological process of
adjuvant-induced arthritis. Further studies are needed to evalu-
ate the relative contributions of CRHdelivered to the joints by
the peripheral nervous system and CRHthat is synthesized
locally in joint tissues.

In summary, these data provide support for our view that
CRHis not only a major regulator of the HPAaxis but also
directly involved in the inflammatory process. There is mark-
edly increased iCRH in carrageenin-induced acutely inflamed
tissue (33), acute and chronic SCW-induced arthritis and adju-
vant-induced arthritis. Specific CRH-binding activity is pres-
ent in inflamed synovial tissue from adjuvant-arthritic rats.
Additionally, CRHmRNAis synthesized in synovia from ar-
thritic rats, but CRHmay also be delivered to the joint by
peripheral nerves. CRHappears to be a multifunctional neuro-
peptide regulator of inflammation, whose expression and ef-
fects are site specific.
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